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Summary. Human papillomaviruses (HPVs) cause squamous cancers of
epithelial surfaces, of which genital cancers are the most common. In this
article we have attempted to describe the properties and functions of the viral
proteins of HPV type 16, a common cause of genital cancers, and have tried
to suggest how their expression may lead to a dysregulated cell which may
become malignant. These viruses are attempting to replicate in terminally
differentiating keratinocytes and must stimulate G1 to S-phase progression
for the replication of their genome. As part of the successful completion of
replication and assembly of infectious virus particles, the virus needs at least
partial differentiation to occur. Therefore, at the same time as differentiation
is occurring, the nuclei of infected cells are in S-phase. While the
mechanisms of action of the viral proteins are not completely understood,
researchers are making progress and this article strives to bring together the

conclusions from some of this work.

Introduction

Human papillomaviruses (HPV) are small double-
stranded DNA viruses, which infect stratified epithelium.
There are at least 80 different types, which can be
divided into those infecting cutaneous surfaces and
those infecting mucosal surfaces. The types have
traditionally been differentiated by sequence diver-
gence, although it is becoming clear, using antibodies
to conformational epitopes on the major and minor
capsid proteins, that the virions are serologically
different. While the viruses often cause benign prolif-
erative lesions or warts, there are a subgroup of
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viruses which cause premalignant and malignant
lesions. Malignant disease occurs most frequently in
the genital tract and carcinoma of the cervix is by far the
most common cancer. This article will concentrate on
the viruses which infect the genital tract as they are of
medical importance and as substantial research has
been carried on the biology of these viruses.

Natural history of HPV infection

The viruses enter the epithelium through microlesions
and infect the basal epithelial cells where they maintain
a copy number of 50—100 genomes per cell. Upon cell
division, one daughter cell will remain part of the basal
epithelium, while the other daughter cell will migrate up
to the next level and start to differentiate. At this stage
the viral DNA will segregate with the two daughter cells
and replicate to maintain the 50—100 copies per cell.
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The fact that one daughter cell starts to differentiate is a
problem for the virus because it needs the replicative
machinery of the cell for viral DNA synthesis and a
terminally differentiated cell will contain little or no
replicative enzymes. Therefore the virus needs to
stimulate G1 to S-phase progression in the face of a
cell programmed to terminally differentiate, and so
produce the correct environment for DNA replication.
However, the virus does require some level of differentia-
tion, since the late promoter, which regulates the mRNA
coding for the capsid proteins, is only switched on in
partially differentiated cells. The end result, therefore, is
that the virus uncouples G1 to S-phase progression from
differentiation, and both processes occur in the same cell.
As the infected cells move up through the epithelium and
partially differentiate the viral DNA is amplified in the
granular layer and late gene transcription and translation
occur near the top of the epithelium with viral particle
assembly taking place in the comnified layer. Infected cells
are sloughed off from the top of the epithelium and may
be transmitted directly to individuals. Alternatively,
infected cells may remain present in the environment
before the virus is transmitted to a new epithelial surface.
This latter case is true for viruses which infect cutaneous
surfaces. Direct transmission of viruses infecting mucosal
surfaces can occur by contact during sexual intercourse.

HPYV associated diseases

While benign warts are only a cosmetic nuisance,
papillomaviruses can also cause a number of more
life-threatening diseases (McCance 1998; zur Hausen
1999). A large group of HPV types cause lower genital
tract cancers of which cervical cancer is the most
common. (Table 1) lists the mucosal viruses involved
along with the associated diseases and (Table 2)
summarizes the viruses on the basis of whether they
are high risk or low risk types. In addition, there is a
group of cutaneous viruses that are also involved in
squamous cell carcinomas particularly in immunosup-
pressed allograft recipients and individuals with a rare
genetic disease called epidermodylasia verruciformis,
which results in partial immunosuppression (McGregor
& Rustin 1994). (Table 3) summarizes the viruses
associated with cutaneous malignancies. This article
will concentrate on the viruses infecting mucosal
surfaces, in particular the genital tract, which commonly
infect sexually active individuals.

Genital tract infections

HPV types cause a variety of lesions in the genital tract

of males and females (Schiffman & Brinton 1995). Some
types (Table 1) cause benign warts and low-grade
premalignant lesions and are not found in malignant
tissues. HPV type 6 and 11 (HPV-6, HPV-11) are the
most common isolates from these lesions. There is
another group of viruses that are found in premalignant
and malignant tissues, and HPV-16 and —18 are
commonly associated with these lesions, although a
large number of other HPV types, which are not so
common, have a similar pathogenesis (Table 1).

In adults, transmission is predominantly by sexual
contact. However, there is evidence that HPV can be
transmitted from mother to neonate, probably during
delivery. Laryngeal warts in young children are thought
to arise after such episodes of transmission (Kashima
et al. 1985; Fredericks et al. 1993; Austen et al. 1996). In
addition, genital infection is also possible after mother
to neonate transmission (Cason et al. 1999), but it is
unclear whether such transmission leads to clinical
disease later in life. The viruses cause similar lesions in
both males and females, however cancer of the cervix is
more common than cancer at other sites. For example,
penile cancer is much rarer and occurs mainly in men
over 60 years of age (McCance et al. 1986; Malek et al.
1993). Why should cervical cancer be so much more
common? The disease arises from the transformation
zone on the cervix located between the mature
epithelium of the exocervix and the columnar epithelium
of the endocervical canal. This zone is immature,
metaplastic and hormonally responsive. As such, it
appears during puberty and disappears at menopause.
It would appear that the transformation zone is more
susceptible to external insults such as viral infection
resulting in the production of premalignant and possibly
malignant cells. The rest of the epithelium in the female
and male genital tract is composed of mature epithelium
and seems less prone to malignant conversion due to
HPV infection. While cancers arising at other sites such
as the vaginal wall, vulva, perianal region (both sexes)
and the penis are rarer, they are associated with the
same high risk HPV types.

Initial infection with the high-risk types causes low-
grade disease (low-grade squamous intraepithelial
lesions, LSIL), which is manifested by inhibition of the
normal differentiation in the lower third of the epithelium.
The lesion may remain low-grade, regress, or progress
to severe dysplasia or HSIL (high-grade squamous
intraepithelial lesions). This latter stage may persist or
may start to invade below the basement membrane
leading to metastatic disease. The relationship of the
HPV genome to the chromosomal DNA may change
during progression from premalignant to malignant

16 © 2001 Blackwell Science Ltd, International Journal of Experimental Pathology, 82, 15—33
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Table 1. Genital human papillomavirus types and the site of
associated lesions®

HPV type Associated lesion Site
HPV 6a-f Condylomata acuminata Vulva
Vagina
Cervix
Penis
shaft
prepuce
urethral meatus
Perianal
Larynx
PLSIL/HSIL Cervix
SVIN I-11l Vulva
9PIN I-11l Penis
11a, b Condylomata acuminata Vulva
Cervix
Perianal
Larynx
LSIL/HSIL Cervix
PIN I-11l Penis
16 Condylomata acuminata Vulva, cervix and penis
LSIL/HSIL Cervix
VIN I-11I Vulva
PIN I-11l Penis
Bowenoid papulosis Vulva and penis
Malignant carcinoma Cervix, vulva and penis
18 LSIL/HSIL
Malignant carcinoma Cervix and penis
31 LSIL/HSIL Cervix
Malignant carcinoma
30 LSIL/HSIL Cervix
33 LSIL/HSIL Cervix
Malignant carcinoma
34 LSIL/HSIL Cervix
35 LSIL/HSIL Cervix
Malignant carcinoma
39 LSIL/HSIL Cervix and penis
PIN
Malignant carcinoma
40 LSIL/HSIL Cervix and penis
42 LSIL/HSIL/VIN Cervix and vulva
43 LSIL/HSIL Cervix
44 LSIL/HSIL Cervix
45 LSIL/HSIL Cervix
Malignant carcinoma
51 LSIL/HSIL Cervix
Malignant carcinoma
52 LSIL/HSIL Cervix
Malignant carcinoma
53 Normal cervix
54 Condyloma Penis
55 Bowenoid papulosis Penis
56 LSIL/HSIL Cervix
Malignant carcinoma
57 Intraepithelial Oral cavity, cervix
Neoplasia
58 LSIL/HSIL/ Cervix
Malignant carcinoma
59 VIN Vulva
61 VIN Vulva
66 LSIL/HSIL Cervix
Malignant carcinoma
Intraepithelial neoplasia Cervix
vulva

Biology of human papillomaviruses

Table 1. continued

HPV type Associated lesion Site
68 LSIL/HSIL Cervix
Malignant carcinoma Cervix
69 Intraepithelial neoplasia Cervix
70 Condyloma Vulva
Malignant carcinoma Cervix
71 VAIN® Vagina
74 VAIN vagina
82 HSIL Cervix

@ Adapted from De Villiers (1989) and updated with the help of Dr C.
Wheeler.

bLow-grade squamous intraepithelial lesion and high-grade
squamous intraepithelial lesion of the cervix.

®Vulvar intraepithelial neoplasia.

9Penile intraepithelial neoplasia.

®Vaginal intraepithelial neoplasia.

phases of the disease. Most of the metastatic cells have
integrated HPV sequences (~70%) while the rest have
predominantly episomal copies (McCance et al. 1985;
McCance et al. 1986; zur Hausen 1999). However, it is
not clear if these episomal copies have wild type
sequence or have mutations and whether there are
small subfragments of the HPV genome integrated.
Integration occurs randomly in the cellular chromo-
somes, but all viral DNA integration events associated
with malignant disease, allow for the expression of E6
and E7 proteins. This suggests that the expression of
both these proteins is important for the phenotype of the
invading cells and only those cells where integration of
the viral genome permits the expression of E6 and E7
are selected.

Rates of infection

The number of cases of malignant disease of the cervix
is small compared to the number of women infected with
HPV. For example, studies have shown that 20—25% of
young women (18—-30 years of age) are infected with an
oncogenic virus, but there are only 15 000 cases of
invasive cervical cancer per year in the USA and this
occurs most frequently in women in their 4th and 5th
decades. Large studies in the USA (Hildesheim et al.
1994) suggest that that the majority of HPV positive
women will have a transitory infection and only in a small
proportion will infection lead to severe premalignant
disease, or HSIL and then onto malignant disease. The
transitory infections lead to mild disease, which will
spontaneously regress. Therefore, while many individuals
are infected, the numbers with severe disease are small.
The problem however, is to identify those individuals

© 2001 Blackwell Science Ltd, International Journal of Experimental Pathology, 82, 15—33 17
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Table 2. Genital HPV and their associated risk of cancer

Low risk 6, 11, 40, 42—45, 53-55, 57, 59, 61, 67, 69, 71, 74, 82

High risk 16, 18, 31-35, 51-52, 56, 58, 61, 66, 68, 70, 73

who are at risk for progressive disease amongst the
large number infected.

HPYV testing

It has been suggested that HPV infection can lead to
cervical cancer. Therefore, testing for the presence of
HPV DNA on the cervix may be a better way to diagnose
disease than the traditional Pap smear. However, there
are problems with DNA typing. Firstly, it is more
expensive than the Pap smear and secondly, while the
sensitivity is generally greater, this can lead to false
positives depending on the type of test. One possible
exception in developed countries is the triage of patients
with atypical squamous cells of undetermined signifi-
cance (ASCUS), where DNA testing may help to assign
the patient for colposcopy or follow-up (Manos et al.
1999). At present, however, there is no recommendation
for this as a standard diagnostic procedure. Regardless
of the type of diagnostic test, identifying HPV infection

Table 3. HPV types isolated from patients
with the genetic disease epidermodyspla-
sia verruciformis (EV) and associated

diseases:
HPV type Lesions
5 Warts/SCC
8 SCC
9 warts
12 warts
14 SCC
15 warts
17 warts/SCC
19 warts
20 warts/SCC
21 warts
22 warts
23 warts
24 warts
25 warts
36 warts
46 warts
47 warts

HPV types 38 (melanoma), 41 (SCC) and 48
(SCC) were isolated from immunosuppressed
patients. This table was assembled with the
help of Dr C. Wheeler.

may fail in identifying those women at risk for progressive
disease.

Prevention of infection/disease by vaccination

One possible approach to controlling the level of disease
would be to prevent infection. Theoretically, this could be
achieved by vaccination as with many childhood
diseases. At present it is not clear what constitutes a
protective immune response in humans but this has not
prevented some ftrials of potential vaccine candidates
from taking place. There are two approaches to
vaccination. One would be to produce a prophylactic
vaccine to prevent infection and the other to produce a
therapeutic vaccine to administer, probably to people
with invasive disease. The latter types of vaccine
contain early proteins such as E6 and E7 and have
been shown to produce B and T cells responses in
recipients. The prophylactic vaccines contain the major
capsid protein L1 in which, when expressed in insect
cells, bacteria or yeast forms into an iscohedral structure
very similar to the capsid in the virion. These structures
are called virus-like particles (VLPs). The rationale
behind using capsid proteins stems from work in cattle
and dogs, which has shown high levels of protection
from experimental infection after vaccination with either
BPV-1 or canine papillomavirus L1 proteins in the form
of VLPs (Jarrett et al. 1991; Suzich et al. 1995). Phase |
clinical trials using HPV-6 and —11 VLPs have been
carried out and a robust antibody response was
detected with few minor side-effects from vaccination.
Whether the responses will protect against infection has
yet to be tested. One would expect that a cytotoxic T-cell
response would also be necessary for effective protec-
tion. While vaccination using VLPs produces a good
antibody response, it has yet to be demonstrated in
humans that a cytotoxic T-cell response results. Another
Phase | trial with HPV-16 and HPV-18 VLPs com-
mences in the autumn of 2000 and it is expected to be
as successful as previous trials as far as antibody
induction is concerned.

Since L1 and L2 (the minor capsid protein) are highly
conserved between many genital HPV types it was
hoped that cross-protection might occur. However, when
the proteins form into their iscohedral structure there is
little or no cross reactivity of antibodies which ‘see’ the
conformation epitopes produced by the structure. Anti-
bodies against disrupted VLP, which bind to linear
epitopes, do not react with the VLPs or to full virus
particles. Therefore, it would appear that individuals will
have to be vaccinated with a cocktail of VLPs from
different viruses for protection against a range of virus

18 © 2001 Blackwell Science Ltd, International Journal of Experimental Pathology, 82, 15—33
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types. Phase Il and Il trials using VLP are eagerly
awaited.

Replication of HPV in stratified epithelium

The consensus is that the virus infects the basal
epithelial cells through microlesions and replicates to a
stable level of 50—100 copies per cell in the basal layer.
The cells of the basal layer can divide and one daughter
cell remains in the basal layer while the other moves up
and starts to terminally differentiate. Differentiated cells
contain little or no replicative machinery, therefore the
virus will be unable to propagate if cells are permitted to
terminally differentiate. Therefore the virus expresses
proteins early in infection in the basal and parabasal
layers, whose biological properties are consistent with
stimulating G1 to S-phase progression. However, at the
same time the virus does require a certain level of
differentiation because the shift from the early to late
promoter, which transcribes capsid protein mRNA, is
mediated in differentiated cells. The factors required for
this promoter shift have yet to be determined. The fact
that some level of differentiation is required is reinforced
by the observation that viral DNA amplification and
capsid protein synthesis is never observed in basal
epithelial cells. The following sections describe possible
mechanisms whereby three viral proteins, E6, E7 and
E5 (Fig. 1) achieve a cellular environment which is
conducive to viral DNA replication.

E6 protein

The HPV-16 E6 protein is a 151 amino acid protein,
containing two zinc finger domains. Although small, E6
induces several important changes in the host cell that
impact both the normal viral life cycle and the process of
immortalization. E6 alone is not capable of immortalizing
primary human foreskin keratinocytes (HFK), but can
efficiently immortalize human mammary epithelial cells
(HMEC) (Kiyono et al. 1998; Liu et al. 1999). However,
E6 does act with E7 to immortalize HFK. Expression of
E6 as a transgene in mice leads to hyperproliferation of
epithelial layers, loss of differentiation in epithelial layers
and benign and malignant tumour formation (Song et al.
1999). E6 is one of the earliest expressed genes during
an HPV infection. It provides several functions that alter
the cellular environment, making it more amenable to
production of new viral particles. These include blocking
apoptosis through p53 degradation, altering trans-
cription of cellular genes through interaction with p300,
and increasing cellular lifespan through increased
telomerase activity. These functions serve to facilitate

Biology of human papillomaviruses

the viral life cycle. These biological activities of E6 are
discussed in more detail below.

E6 and cell proliferation

As mentioned above, E6 will act together with E7 to
efficiently immortalize HFK. One recent finding is that E6
can up-regulate the activity of the cellular telomerase
complex. Telomerase is an enzyme that maintains the
telomeric DNA at the ends of linear chromosomes
(Greider & Blackburn 1985). It utilizes an RNA molecule
(TER) as the template for synthesizing DNA and a
reverse transcriptase protein component (TERT) to
carry out the synthesis (Greider & Blackburn 1987).
Without telomerase, telomeres shorten with each cell
division, until they reach a critically short length. Beyond
this point further division would induce damage to the
coding regions of the chromosome and cell senescence.

It is hypothesized that telomere shortening functions
as a sort of molecular clock, controlling the number of
cell divisions any cell can undergo and signalling cellular
senescence when this limit is reached. Supporting this
notion, experiments have shown that expression of
exogenous telomerase in primary human fibroblasts
effectively immortalizes these cells, allowing them to
proliferate beyond 100 population doublings (Bodnar
et al. 1998). Additionally, cells that normally proliferate in
vivo have detectable telomerase activity, as do most
tumour cells, while cells that normally have a limited
lifespan in vivo generally do not show telomerase activity
(Harle-Bachor & Boukamp 1996; Belair et al. 1997).

Telomerase activity is increased in HFK, HFF and
HMEC expressing HPV16 E6 (Kiyono et al. 1998;
Klingelhutz et al. 1996; Stoppler et al. 1997). However,
the importance of telomerase activation in E6/E7
mediated immortalization remains unclear. It has been
shown that E6 alone will immortalize HMEC, and E6
mutants that do not increase telomerase activity do
not immortalize (Kiyono et al. 1998). This study also
demonstrated that addition of TERT to E7-expressing
HFK allows growth and immortalization in serum-free
media. HFK typically require both E6 and E7 for efficient
immortalization. However, mutants of E6 with altered
ability to activate telomerase have not been used in
conjunction with E7 in HFK to show directly that
immortalization ability is impaired.

Another confounding piece of data is that despite E6-
mediated increases in telomerase activity in fibroblasts,
telomere lengths do not increase (Filatov et al. 1998).
Instead, telomeres are maintained at a short, but
apparently sufficient, length to allow for cell survival.
However, this paper also demonstrates that there is an

© 2001 Blackwell Science Ltd, International Journal of Experimental Pathology, 82, 15—33 19
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Genomic organization of HPV 16
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Figure 1. Schematic of the HPV-16 genome organization. The early genes are solid grey and the late genes are marble grey. The
base pairs of the open reading frames are shown and the ATG start codon is shown in italics. E4 is spliced to the N-terminal of E1
(E17E4) since it has no ATG of its own. The poly A + signals for the early and late mRNA are shown (pA). The origin (ori) of
replication and the upstream regulatory region (URR) or the main early promoter region are indicated.

increased amount of chromosomal damage occurring in
these cells, measured by increased DNA content and
increased numbers of chromosomal aberrations as the
cells are passaged. Thus, telomerase activation by E6
may be facilitating the transition from a normal to
transformed phenotype by telomerase-dependent and
—independent pathways.

E6 and apoptosis

It is important that viruses avoid cell death, at least until
they have replicated. Apoptosis is a natural death
process for cells. The cellular p53 protein is normally
induced in response to conditions of cellular stress such
as UV irradiation, hypoxia, or viral infection. p53 is a
transcription factor that stimulates the expression of
genes involved in cell cycle arrest and apoptosis, such
as the cyclin dependent kinase inhibitor, p21©'. E6 has
been shown to bind to p53 (Werness et al. 1990) and
induce its degradation (Scheffner et al. 1990), a process
that is mediated by an ubiquitin ligase called the E6-
associated protein (E6-AP) (Huibregtse et al. 1991;
Scheffner et al. 1993). Although important for E6
mediated degradation of p53, E6-AP may not be
involved in normal regulation of p53 (Talis et al. 1998).
In normal cells the mdm2 protein appears to be involved

in turnover of p53 but it is not required for E6-mediated
degradation (Freedman & Levine 1998). E6 can also
retain p53 in the cytoplasm, blocking its translocation
to the nucleus and thus inhibiting its function inde-
pendently of degradation (Mantovani & Banks 1999).
The prevention of translocation and degradation of p53
by E6 inhibits the ability of p53 to activate or repress
transcription of target genes (Mietz et al. 1992).

Evidence that the interaction of E6 with p53 is
important for cell cycle progression is the fact that
the p14”"F protein, an alternative gene product of the
p16™K42 tumour suppressor locus. p14*FF induces
arrest in a manner dependent on p53, causing elevated
amounts of p21°'%, resulting in either a Gy or G, arrest
(Stott et al. 1998). Expression of E6 in normal human
foreskin fibroblasts (HFF) allows for continued prolifera-
tion of these cells despite expression of p14*RF. Another
study, carried out in HFF, utilized adriamycin treatment
to induce a G, arrest, and concluded that the ability of
E6 to bypass this arrest signal was through a p53
dependent mechanism involving repression of the cyclin
B and cdc2 promoters (Passalaris et al. 1999).

In addition to arrest, E6 can bypass apoptosis induced
by p53. In response to serum and calcium induced
differentiation of HFK, E6 expression decreases the
number of apoptotic cells as compared to normal

20 © 2001 Blackwell Science Ltd, International Journal of Experimental Pathology, 82, 15—33
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HFK, without blocking differentiation of these cells,
as measured by expression of differentiation-specific
markers (Alfandari et al. 1999).

Work by Pan and Griep (Pan & Griep 1994; Pan &
Griep 1995), using transgenic mice with targeted
expression of E6, E7, or both, in the lens of the eye,
showed that E6 can block apoptosis in both p53
dependent and independent ways. Another recent
study (Jackson & Storey 2000) using E6 genes from
mucosal and cutaneous subtypes of HPV demonstrated
that all were capable of blocking apoptosis induced by
ultraviolet (UV) radiation. However, HPV 18 EB6, the only
E6 utilised that degraded p53, inhibited apoptosis at the
highest UV dosage, suggesting that modulation of p53
plays some role in this inhibition, but does not account
for all of the inhibition (Jackson & Storey, 2000).

In addition to interacting with p53, E6 may impact
apoptosis through p53-independent pathways. There is
some evidence that E6 can interact with Bak, a pro-
apoptotic protein expressed at high levels in the upper
layers of differentiating epithelium (Krajewski et al.
1996). Thomas and Banks have shown that HPV 18
E6 can physically interact with Bak and mediate its
degradation by ubiquitination, through interaction with
EBAP, thus reducing apoptosis (Thomas & Banks 1998).
They suggest that Bak may be a natural target of the E6-
AP, the first identified. More recent work from the same
group shows that HPV 16 and 11 E6 proteins can also
interact with Bak, but that the interaction is weaker with
the nononcogenic subtype, HPV-11, than with HPV-16
(Thomas & Banks 1999). This interaction probably con-
tributes to the p53 independent inhibition of apoptosis.

The ability of E6 to prevent p53 mediated arrest and
apoptosis may be especially important in light of two
facts. First, HPV E7, when expressed alone, has been
shown to increase the amount of p53 present in cells
(Demers et al. 1994). Second, the HPV E2 protein,
which is involved in viral replication and transcription of
viral genes, was recently shown to induce apoptosis
through a p53 dependent mechanism, when expressed
alone in HPV positive and negative cell lines (Webster
et al. 2000). If left unchecked, the increase in p53 and
induction of p53 dependent apoptosis would most likely
kill an infected cell before viral replication could take
place. Thus, the ability of E6 to modulate p53 levels may
be integral during productive infection.

E6 and alteration of gene transcription

Several years ago it was shown that HPV 16 E6 was
capable of altering transcription of target promoters in a
positive and negative manner. E6 expression was

Biology of human papillomaviruses

shown to transactivate the HPV early promoter in the
URR (Fig. 1) (Gius et al. 1988) and the adenovirus E2
promoter (Desaintes et al. 1992). It was later shown to
repress the Moloney murine leukaemia virus long-
terminal repeat and the cytomegalovirus immediate
early promoter (Etscheid et al. 1994). The mechanism
for this transcriptional alteration was unclear, but it was
not dependent on p53.

The adenovirus E1A protein is capable of interacting
with p300 and CBP, transcriptional coactivators that
bring together transcription factors and the basal
transcription machinery at gene promoters (Eckner
et al. 1994; Arany et al. 1995). CBP and p300 also
have intrinsic histone acetyltransferase activity, allowing
them to acetylate histone core proteins and alter
chromatin structure. The E1A-p300/CBP interaction can
block transcriptional activation (Chakravarti et al. 1999;
Hamamori et al. 1999). Recently, the same activity was
described for HPV 16 E6, with the same functional
consequence, namely inhibition of p300/CBP mediated
transcriptional activation (Patel et al. 1999; Zimmermann
et al. 1999). Therefore, an explanation of the earlier
work on the repression by E6 may be the interaction of
E6 with the coactivators CBP and p300.

E6-CBP/p300 binding probably impacts transcription
of other, as yet unidentified, genes. For example,
adenovirus E1A, the human herpesvirus 8 vIRF protein
and the Epstein-Barr virus EBNA2 protein can increase
transcription from the c-myc gene promoter in a manner
dependent on transcriptional coactivators p300, CBP
or P/CAF (Jayachandra et al. 1999). HPV E6 has also
been shown to transactivate the c-myc promoter
(Kinoshita et al. 1997) and this may be dependent on
the interaction with CBP/p300. Another possible set of
target genes are those involved in cytokine production
and immune signalling. Control of the IL-6 and IL-8
promoters is largely dependent on the NF-«B transcrip-
tion factor, which is coactivated by CBP/p300 (Sheppard
et al. 1999). HPV-16 E6 has been shown to inhibit NF-
kB mediated transcription, therefore the interaction of
HPV E6 with p300 or CBP might modulate transcription
of these cytokines, effectively inhibiting these signals to
the immune system (Patel ef al. 1999). Other transcrip-
tional targets affected by the E6-p300/CBP interaction
have yet to be identified.

EG6 interactions with other proteins

E6 has also been reported to interact physically with
several other proteins. These include the E6BP protein
(also known as ERC-55), the human homologue of the
Drosophila discs large protein and the c-myc protein.

© 2001 Blackwell Science Ltd, International Journal of Experimental Pathology, 82, 15—33 21
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The functional significance of these interactions is still
largely unknown.

E6BP was identified in a yeast two-hybrid screen for
E6 interacting proteins (Chen et al. 1995). It was shown
in this study to interact with E6 in vitro and in vivo. EGBP
is a calcium binding protein, leading to speculation that
this interaction might affect calcium induced differentia-
tion of E6 expressing cells. However, E6 expression
does not impede calcium dependent differentiation, at
least as measured by expression of differentiation
specific markers (Alfandari et al. 1999). Mutational
analysis of E6 in HMEC cells revealed two relevant
points. First, E6 Bp binding and E6-AP binding were
correlated, meaning that mutants that were unable to
bind E6-AP were also unable to interact with E6 Bp.
Second, most of these mutants were still able to
immortalize HMEC cells, though at slightly reduced
efficiency relative to wild type E6 (Liu ef al. 1999). Thus,
the importance of E6 sp in immortalization by E6 has not
been established.

The hDLG protein was also identified as interacting
with E6 in a yeast two-hybrid screen and shown to
interact with E6 in vitro (Kiyono et al. 1997). The hDLG
protein is associated with cell junctions and has also
been shown to interact with the APC gene, a known
tumour suppressor. It has recently been demonstrated
that E6 can target hDLG for degradation, independently
of E6—-AP interaction (Pim et al. 2000), suggesting a
potential role for this interaction in tumour formation.
However, additional studies need to be undertaken to
clarify the role of hDLG in HPV mediated immortalization.

Finally, E6 has been shown to stimulate the degrada-
tion of the c-Myc and N-Myc proteins in vitro and in vivo,
decreasing the half life of these proteins significantly
(Gross-Mesilaty et al. 1998). These interactions were
identified following the discovery that E6-AP could
mediate c-myc and N-myc degradation. Again, the
importance of this in the normal viral life cycle or during
transformation is not clear.

E7 protein

The E7 open reading frame of HPV encodes the major
transforming activity. HPV16 E7 is a nuclear protein of
98 amino acids, with casein kinase Il phosphorylation
sites at serine residues 31 and 32. The protein is divided
into domains based upon homology to adenovirus E1A
with CR1 consisting of amino acids 1-20, CR2 contain-
ing residues 21-39, and CR3 composed of amino acids
40-98. E7 dimerizes via a zinc-finger motif in the CR3
region that is essential for proper protein folding.
Numerous interactions between E7 and cellular

proteins have been described. Many of these interac-
tions involve factors that regulate cell growth, especially
the transition from the G1 of the mitotic cycle into S-
phase. E7 has been demonstrated to associate with the
retinoblastoma tumour suppressor protein family (Rb,
p107, p130), histone deacetylases (HDAC), AP-1
transcription factors, cyclins, cyclin-dependent kinases
(cdks), and cdk inhibitors. These associations likely
contribute to the ability of E7 to induce -cellular
proliferation, immortalization and transformation. The
effects of E7 on cell growth are discussed in detail
below.

Effects of E7 on cell growth

E7 has been demonstrated to alter growth phenotypes in
a variety of cell types, the most biologically relevant of
which is primary human foreskin keratinocytes (HFK).
Immortalization of HFK correlates with oncogenicity of
HPVs, with high-risk HPVs (e.g. HPV-16, — 18, —31)
able to efficiently induce immortalization and low-risk
HPVs (e.g. HPV-6, — 11) incapable of extending HFK
lifespan (McCance et al. 1988; Barbosa & Schlegel
1989; Hudson et al. 1990). Expression of E7 from
oncogenic HPV types is sufficient to immortalize HFK,
though the immortalizing activity of E7 is more efficient
in the context of E6 expression or the entire HPV
genome (Barbosa & Schlegel 1989; Munger & Phelps
1993). Indeed, the presence of E7 is essential in HFK
immortalization, as mutation of the E7 open reading
frame completely abrogates immortalization by full-
length HPV16 genomes (Jewers et al. 1992). Expres-
sion of E7 also confers extended proliferation to primary
rat embyro fibroblasts (REFs) (Munger & Phelps 1993).
The CR1 and CRS3 regions of E7 appear critical for its
immortalizing activity, as mutations in these domains
diminish the efficiency of E7-induced immortalization
(Banks et al. 1990; Jewers et al. 1992; Takami et al.
1992). Interestingly, the CR2 domain, which contains the
high-affinity Rb-binding site (see below), is not neces-
sary for immortalization of HFK in the context of the
whole genome, suggesting that interaction with Rb may
be dispensable in engendering this phenotype (Jewers
et al. 1992).

E7 can also induce cellular transformation in several
assays. HPV-16 E7 can induce anchorage-independent
growth in NIH3T3 and, in cooperation with an activated
ras, induce focus formation in REFs, infant rat kidney
cells, and various rodent fibroblast cell lines (Munger &
Phelps 1993). Similar to HFK and REF immortalization,
E7 transformation of rodent cells correlates with
oncogenic potential of HPVs, and chimeric molecules
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(utilizing domains of E7 from oncogenic HPV-16 and
benign HPV-6) indicate that the CR1 and CR2 regions of
E7 are essential for this phenotype (Munger et al. 1991;
Takami et al. 1992). Mutational analysis has corrobo-
rated the importance of the CR1 and CR2 domains
(Banks et al. 1990; Heck et al. 1992; Phelps et al. 1992;
Sang & Barbosa 1992; Brokaw et al. 1994). In addition,
mutation of the zinc-finger (CR3) reduces the transfor-
mation potential of E7 (Chesters et al. 1990; Edmonds &
Vousden 1989; Mclintyre et al. 1993), however, it is not
clear whether these mutations disrupt CR3-specific
activities necessary for transformation or simply alter
the general structure of E7. Therefore, different domains
of E7 are essential for rodent cell transformation and
HFK immortalization. This suggests that it is important to
use the natural host cell to determine functions of E7.

In addition to its immortalizing and transforming
activities, E7 also abrogates several growth arrest
signals including exposure to transforming growth
factor-B, DNA damage, serum deprivation, anchorage-
independent suspension, and suprabasal differentiation
(Banks et al. 1990; Demers et al. 1996; Schulze et al.
1998). Although the precise mechanisms by which these
signals lead to arrest are not completely defined, many
of the cellular factors and pathways involved have been
delineated. Interestingly, E7 interacts with several of
such factors. In the subsequent sections, the inter-
actions of E7 with specific cellular factors that govern
cellular growth will be discussed.

Effects of E7 on cellular transcription

It is becoming increasingly clear that E7 mediates many
of its effect via the modulation of gene transcription.
Consequently, E7 has been found to interact with
several proteins believed to affect the transcription of
genes involved in cell cycle progression and/or cellular
differentiation. The significance of these interactions is
discussed below.

Binding to retinoblastoma protein family members

Perhaps the most well characterized property of E7 is its
ability to bind to the retinoblastoma tumour suppressor
protein (Rb) (Dyson et al. 1989; Munger et al. 1989). The
fact that E7 shares this property with other viral
oncoproteins, such as the adenovirus E1A and simian
virus 40 large T antigen (Munger 1995), suggests that
tumour viruses possess evolutionary conserved attributes,
and underscores the importance of Rb binding in the
natural history of virus infection. The retinoblastoma
protein family members play a central role in the regulation
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of the eukaryotic cell cycle. Specifically, in its hyphopho-
sphorylated state, Rb can bind to transcription factors
such as the E2F family members, and repress the
transcription of particular genes. As cells progress from
GO through G1 and into S phase, Rb family members
become progressively hyperphosphorylated by G1
cyclin-cyclin dependent kinases, releasing the transcrip-
tion factor E2F, which in turn activates genes involved in
DNA synthesis and cell cycle progression (Dyson 1998).
Since E7 is able to bind to hypo-phosphorylated Rb, it is
believed that E7 can prematurely induce cells into S
phase by disrupting Rb-E2F complexes (Huang et al.
1993; Wu et al. 1993; Patrick et al. 1994).

Interaction with Rb is primarily mediated through
amino acid sequences contained in the conserved
amino terminal or CR2 region of E7 (Barbosa et al.
1990). The CR2 region of E7 binds to Rb and its family
members, p107 and p130, through the sequence motif
LXCXE. The LXCXE motif of E7 has been shown to
specifically bind to one Rb pocket region, between 649
and 772 aa of Rb (Huang et al. 1990). Moreover, the
LXCXE amino acid sequence is found within other viral
oncoproteins such as E1A and SV40 LTAg, as well as
many cellular Rb binding proteins including cyclin D1,
cyclin D2, cyclin D3, BRG1, histone deacetylase 1
(HDAC-1) and HDAC-2 (Brehm et al. 1998; Dowdy et al.
1993). The high level of conservation of this motif among
viral and cellular proteins suggests that viral onco-
proteins such as E7 can compete with cellular proteins
for binding to Rb.

As mentioned previously, low-risk HPV-6 E7 and high-
risk HPV-16 E7 display different immortalization and
transforming properties. Considering the relative impor-
tance of targeting Rb during oncogenesis, it has been
suggested that variance in Rb binding affinities might
correlate with differences in viral oncogenic potentials.
Indeed, HPV-6 E7 has been shown to possess a lower
affinity for Rb than HPV-16 E7 (Gage et al. 1990).
Moreover, the variance in binding efficiency can be
accounted for by a single difference in the sequences
next to their respective LXCXE motifs: HPV-6 E7
contains a glycine at amino acid 20, while HPV-16 E7
possesses an aspartic acid at the equivalent position
(Heck et al. 1992; Sang & Barbosa 1992). Although the
CR2 domain of E7 mediates high affinity binding to Rb,
this region alone is unable to displace E2F from Rb
(Huang et al. 1993; Wu et al. 1993). More recent studies
have demonstrated that the carboxy terminal region of
E7 (CR3) can also bind to Rb. CR3 interacts with a
region between 803 aa and 841 aa of Rb. Furthermore,
in vitro experiments indicate that CR3 alone is capable
of displacing E2F from Rb, leading to transcriptional
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activation (Patrick et al. 1994). These results suggest
that both the CR2 and CR3 domains are required for
high affinity binding to Rb and the subsequent disruption
of Rb-E2F complexes.

Recent developments in the Rb and E2F literature
highlight the complexity and importance of different Rb
family members. For example, p130/E2F complexes are
the most predominant and are present in quiescent or
differentiated cells, while p107/E2F and Rb/E2F can be
found in cells entering G1 and S phase (Dyson 1998).
Moreover, p107 and p130 are required for the regulation
of different subsets of genes (Hurford et al. 1997). The
CR2 region of E7 can interact with both p107 and p130
(Dyson et al. 1992; Davies et al. 1993). Considering the
ability of E7 to interact with all known Rb family
members and the latter’s involvement in both differentia-
tion and cell proliferation, it is tempting to suggest a
paradigm whereby E7 can uncouple the process of
differentiation from cell cycle progression by modulating
the transcription of different subsets of genes. This in
turn would establish an environment that is more
conducive to viral replication.

Considerable evidence points to the importance of Rb
binding in the ability of E7 to transform cells. More recent
data, however, suggests that Rb binding may not be
essential for the immortalization capabilities of E7.
Within the context of the whole HPV genome, mutations
in the CR2 region of E7 which abrogate binding to Rb,
do not affect the ability of E7 to immortalize primary
human keratinocytes (Jewers et al. 1992). However,
mutations in the CRS3 zinc finger motif, Cys-X-X-Cys, of
E7 led to complete abrogation of immortalization
capabilities (Jewers et al. 1992). This has prompted
the search for Rb independent interaction, involving E7
and other cellular factors, which may prove to be more
essential for cellular immortalization.

Association with histone deacetylase complexes

Chromatin remodelling through histone acetylation is
emerging as an important mechanism by which gene
transcription is regulated. Actively transcribed genes
show a high level of histone acetylation while repressed
genes do not (Grunstein 1997). In addition, it has been
demonstrated recently that Rb can associate with
histone deacetylase-1 (HDAC-1), and that both Rb and
HDAC-1 cooperate in repressing transcription from E2F
regulated genes (Brehm 1998; Magnaghi-Jaulin et al.
1998). These observations suggest that histone deace-
tylase complexes play an important role in cell cycle
regulation, and are consequently potential targets for
viral oncoproteins. In accordance with this rationale, the

CR8 zinc finger domain of E7 has been found to interact
with  HDAC-1 (Brehm 1998; Brehm et al. 1999).
Although this association is Rb independent, E7 binding
to HDAC-1 occurs indirectly through Mi23, a component
of the NURD histone deacetylase complex (Brehm et al.
1999). Mutations in the zinc finger domain of E7 do not
affect Rb binding, but inhibit interaction with Mi2g/HDAC
complexes and seem to abrogate the ability of E7 to
relieve Rb repression (Brehm et al. 1999). While the
significance of these results remains unclear, the targeting
of histone deacetylases provides yet another method by
which E7 can de-repress gene transcription, and may
explain the essential nature of the CR3 domain in
activating E2F-regulated genes as well as immortalizing
keratinocytes.

Binding to AP-1 transcription factors

Further attempts to identify Rb independent functions of
E7 have led to the discovery that E7 can interact with
members of the AP-1 family of transcription factors,
including c-Jun, JunB, JunD and c-Fos. AP-1 transcrip-
tion factors appear to mediate early mitogenic effects
and are further implicated in keratinocyte and myeloid
cell differentiation. Specific mutational analysis and
binding data to c-Jun indicate that the E7 zinc finger
motif, but not the Rb binding domain, is involved in this
interaction (Antinore et al. 1996). Moreover, E7 binds to
224-249 aa of c-Jun and can trans-activate transcrip-
tion from a Jun responsive promoter. The E7/c—Jun
interaction was further demonstrated to be important in
E7’s ability to transform REF in the presence of
activated ras (Antinore et al. 1996).

The c-Jun promoter itself contains AP-1 sites and
appears to be regulated by Rb/c-Jun complexes (Nead
et al. 1998). The interaction between Rb and c-Jun is
mediated via the leucine zipper of c-Jun and the B
pocket and c-terminus of Rb. Through such an interac-
tion, Rb can recruit c-Jun to an AP-1 consensus site and
activate transcription from c-Jun responsive promoters
(Nead 1998). Interestingly, it was demonstrated that
the presence of E7 inhibited Rb activation of c-Jun
transcription, and that this effect was mediated through
E7’s LXCXE motif, suggesting that transcriptional down-
regulation by E7 in this case is Rb dependent. Moreover,
hypophosphorylated Rb is complexed to c-Jun in
terminally differentiated keratinocytes but not in cycling
cells (Nead 1998). Finally, in terminally differentiated
keratinocytes, the presence of E7 seems to cause a
significant reduction in c-Jun levels.

The data discussed above suggest an intricate mode
of action whereby HPV E7 can modulate both the
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process of cell cycle progression as well as cell
differentiation, through interactions with AP-1 factors
and Rb. On the one hand, by binding to c-Jun
independently of Rb, E7 may potentiate the activation
of genes involved in early cell cycle progression and
thus promote S phase entry. On the other hand, by
associating with both Rb and c-Jun, E7 may de-regulate
keratinocyte differentiation via disruption of Rb/c-Jun
complexes. As such, the differential targeting of AP-1
factors and Rb provides a potential mechanism used by
E7 to uncouple differentiation from cell cycle progression.

Interaction with TBP and TAFs

The interactions described so far implicate the associa-
tion of E7 with proteins that regulate the transcription of
specific genes; namely those involved in cell cycling and
differentiation. E7 however, has been found to associate
with members of the basal transcriptional machinery. E7
can bind to the TATA-binding protein (TBP) and to TBP-
associated factor-110 (TAF-110) (Mazzarelli et al. 1995;
Massimi et al. 1996; Phillips & Vousden 1997). Binding
to TBP seems to require three domains of E7: the Rb
binding domain, the CKIl domain and the CR3 region
(Phillips & Vousden 1997). The importance of these
interactions is debatable, but they suggest that E7 may
mediate its effects on gene transcription by targeting
more general transcription factors.

Effects of E7 on cyclin-CDKs

As previously discussed, viral genome amplification
occurs in the differentiating epithelium, and, as such,
HPV must force the cell to provide DNA replication
components and activities in the absence of growth
signals. The G1/S cyclins and cyclin-dependent kinases
(cyclin p-cdk4, cyclin E-cdk2, and cyclin A-cdk2) are
essential regulators of progression from the first gap
phase through DNA synthesis (Sherr 1993; Sherr &
Roberts 1999). In a proliferating cell, mitogenic stimula-
tion signals the synthesis and assembly of cyclin p-cdk4
which contributes to inactivation of Rb via phosphoryla-
tion, leads to expression of cyclin E, and sequesters
inhibitors of cdk2 (Cip/Kip inhibitors). Subsequently,
cyclin E-cdk2 continues to inactivate Rb and phosphor-
ylates other substrates essential for initiation of DNA
replication and S phase entry. During S phase, cyclin A-
cdk2 is assembled and remains active through the
second gap phase. As integral components of the G1/S
and S/G2 transitions, cyclin-cdks are logical targets of
HPV. The effect of E7 on each of these cyclin-cdks is
discussed below.
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Cyclin E-cdk2 is essential for initiation of DNA
synthesis and activates cell cycle progression in the
absence of cyclin p-cdk4 (Geng et al. 1999; Ohtsubo
et al. 1995; Krude et al. 1997), underlining this complex
as a potential target by which E7 propels cell cycle
reentry. Interestingly, several groups have demon-
strated E7-mediated increases in cyclin E-cdk2 activity
in asynchronous HFK (Funk et al. 1997; Jones et al.
1997; Ruesch & Laimins 1997; Ruesch & Laimins 1998).
In addition, E7-expressing cells maintain cyclin E-cdk2
activity in the presence of growth arrest signals such as
epithelial differentiation, serum deprivation, and ancho-
rage-independent growth (Ruesch & Laimins 1998;
Schulze et al. 1998). This phenotype is abrogated by
mutation of the CR1 region of E7, which is vital for
cellular immortalization and transformation (see above).
The mechanism by which E7 affects cyclin E-cdk2
activity in vivo has not been clearly defined, though
several models have been proposed. The presence of
E7 dysregulates cyclin E expression at the transcrip-
tional (via relief of E2F-dependent repression) and post-
transcriptional levels, suggesting that E7 may, in part,
affect cyclin E-cdk2 activity via increased synthesis of
cyclin E (Zerfass et al. 1995; Botz et al. 1996; Martin
et al. 1998). However, the contribution of elevated cyclin
E expression is, alone, unlikely to be sufficient to
increase cyclin E-cdk2 activity, because E7-expressing
cells also exhibit dramatically elevated total and cdk2-
associated levels of p21©'", a potent inhibitor of cdk2
(Jones et al. 1997). High exogenous or endogenous
cyclin E expression has been shown to be unable to
maintain cyclin E-cdk2 activity in the presence of high
levels of the Cip/Kip family of cdk inhibitors (p21°'¥ and
p27"'P) (Sewing et al. 1997; Alevizopoulos et al. 1998).

E7 has been detected in complex with p107-cyclin E-
cdk2, suggesting that E7 may affect cyclin E-cdk2
through physical interaction (McIntyre et al. 1996).
Indeed, recent evidence also suggests that E7 interacts
with p21°'" and p27X"" in vitro and in vivo; in vitro
experiments have shown that E7 can bind to and
derepress the kinase activity of p21©'P-cyclin E-cdk2
complexes (Funk et al. 1997; Jones et al. 1997).
However, it is not clear whether active E7-p21©'P-cyclin
E-cdk2 complexes exist in vivo. Other reports refute the
interaction between E7 and p21°'" (Hickman et al. 1997;
Ruesch & Laimins 1997). Therefore, further examination
of the mechanism by which E7 affects cyclin E-cdk2
is required. In addition, further studies are necessary
to determine the effects of E7-mediated cyclin E-
cdk2 dysregulation on viral DNA replication and on
long-term phenotypes such as cellular immortalization
and transformation.
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The effects of E7 on cyclin A-cdk2 (which regulates
the progression of S phase) are similar to those
observed for cyclin E-cdk2. Cyclin A-cdk2 activity is
elevated in asynchronous HFK expressing E7 (Martin
et al. 1998). Deregulated expression of cyclin A may
contribute to this phenotype, as the presence of E7
leads to constitutive expression of cyclin A throughout
the cell cycle (Martin et al. 1998). In concordance, E7-
expressing fibroblasts synthesize cyclin A in the
presence of growth arrest signals such as anchorage-
independent suspension and serum starvation (Zerfass
et al. 1995; Schulze et al. 1998). E7 has also been
demonstrated to bind cyclin A-cdk2 in a complex
involving E2F and p107 (Arroyo et al. 1993; Pagano
et al. 1992). The effect of E7 on the activities of the
cyclin A-cdk2-E2F-p107 complex has not been eluci-
dated. However, it is noteworthy that cyclin A-cdk2
inhibits the DNA-binding activity of E2F complexes as
cells undergo DNA replication, and the expression of
mutant E2F proteins lacking the cdk-binding site
generates stable DNA-binding E2F complexes and
arrests cells in S phase (Krek et al. 1995). Because
HPV requires the cellular DNA replication machinery for
its own DNA synthesis, prolonging the time during which
the terminally differentiating host cell is competent to
synthesize DNA would benefit the replicative require-
ments of the virus. In concert, the effects of E7 on
dysregulation of cyclin E-cdk2 (which regulates initiation
of S phase) and cyclin A-cdk2 (which regulates the
progression of S phase) may contribute to extending the
duration of ‘replicative competence’ in the host cell.

E5 protein

The HPV-16 E5 protein is a small (84 aa) hydrophobic
membrane protein and is located just downstream of the
E2 open reading frame. The gene is not well conserved
at the DNA level between HPVs, or animal viruses,
although there is a conservation of the physico-chemical
properties in that the proteins are all highly hydrophobic
and membrane bound (Burkhardt et al. 1989; Conrad
et al. 1993). The proteins from both animal and human
sources can transform mammalian cells with varying
degrees of efficiency. As mentioned above, the protein
is hydrophobic with three very hydrophobic peaks and
less hydrophobic troughs (Bubb et al. 1988). It has been
reported to dimerize even in reducing conditions (Kell
et al. 1994). The nature of the protein means that it is
membrane bound and distributed predominantly in the
endoplasmic reticulum and Golgi, but also in the
cytoplasmic membrane (Burkhardt et al. 1989; Conrad
et al. 1993; Sparkowski et al. 1995).

The hydrophobic nature of E5 also means that
purification is difficult because the protein is insoluble
and good antibody reagents directed against E5 are
limited. Anti-peptide antibodies directed against N-and
C-terminal have been used successfully (Hwang et al.
1995), and addition of peptides as tags to the N-terminal
of the protein have also been used (Conrad et al.
1993), taking advantage of the commercially available
antibodies to the peptide tags.

Interactions of E5 with growth factor receptors and
vacuolar ATPase

Unlike the E6 and E7 proteins which abrogate the
effects of negative cellular regulators, the major bio-
logical function of the E5 proteins appears to be through
cellular growth factor receptors, whose activity it
upregulates. The original E5/receptor interaction was
described for bovine papillomavirus type 1 (BPV-1) ES5,
where the viral protein was found to stabilize the
epidermal growth factor receptor (EGFR) in the pre-
sence of the ligand, EGF, with the result that the
complex was not broken down and a hyper-stimulating
signal was observed (Martin et al. 1989). Subsequent to
this study, BPV-1 E5 was found in a complex with the
platelet derived growth factor receptor (PDGFR) (Petti
et al. 1991).

It is important to be aware of the kinetics of the
interaction of both receptors and their respective
ligands. When the ligand binds to the receptors it
causes dimerization and the receptors autophosphory-
late each other through a kinase domain in the
cytoplasmic tail and are rapidly endocytosed. For
instance, in the case of the EGFR, 90% of receptors
are internalized by 10 min of the addition of EGF. The
phosphorylated receptors bind to adaptor proteins,
which in turn activate signalling pathways through ras,
phospatidylinositol 3-kinase, or phospholipase C. The
endosomes containing the receptor/ligand complex are
then acidified and become part of the lysosomal
compartment of the cell and within 90 min all of the
receptors are degraded, resulting in a short lived
stimulatory signal.

It was also found that BPV-1 E5 could activate the
PDGFR in the absence of the ligand, platelet derived
growth factor (PDGF) (Petti et al. 1991). How this is
achieved is not clear but it may be caused by the ability
of the E5 to dimerize (Burkhardt et al. 1989) with itself
and to bind to PDGFR and so in effect cause dimerization
of the receptor and its subsequent autophosphorylation
(Goldstein et al. 1992). However, the PDGFR is not
found on human keratinocytes, where the major growth
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factor receptor is the epidermal growth factor receptor
(EGFR), so most of the work on HPV-16 E5 has been
carried with this latter receptor.

Several studies have shown a co—operative inter-
action between E5 and EGF in the transformation of
rodent fibroblasts (Chen & Mounts 1990; Leechanachi
etal. 1992; Pim et al. 1992; Straight et al. 1993), for both
the benign (HPV-6 E5a) and oncogenic types (HPV-16
E5). There is conflicting evidence on whether E5 binds
directly to the EGFR. In one study, HPV-6 E5 was
shown to bind to the EGFR when both were expressed
in COS-1 cells, but HPV-16 E5 was not observed to bind
(Conrad et al. 1994), while in another study there was
evidence of binding to EGFR using the same cell type
(Hwang et al. 1995). In the former study, both E5
proteins were epitope-tagged, and antitagged antibodies
were used to coimmunoprecipitate the proteins, while in
the latter, E5 was not tagged and anti-E5 peptide
antibodies were used. It remains to be determined why
there is this discrepancy in the binding results, but the
fact that one set of E5 proteins was tagged with a
hydrophilic peptide may have resulted in the protein
being inefficiently immunoprecipitated due to masking
by the hydrophobic protein.

The E5 proteins from both HPV-16 and BPV-1 also
bind to the 16 kDa subunit of the vacuolar ATPase
(Conrad et al. 1993; Valle & Banks 1995). The ATPase
is a large protein complex made up of a number of
subunits of which the 16 kDa forms the pore through
which H + ions pass to acidify the contents of
endosomes. The effect on the acidification of endo-
somes has only been tested with HPV-16 E5 in human
keratinocytes (Straight et al. 1995). E5 was shown to
inhibit acidification of endosomes, resulting in the
prolongation of the active signal from the EGFR. The
inhibition of pH change results in the retention of the
receptor in the endosomal compartment and recycling of
40% of the receptors back to the surface in the absence
of the ligand. This probably accounts for the increased
numbers of EGFR observed on E5-expressing kerati-
nocytes. The fact that the ligand is removed from the
receptor is a consequence of the dissociation pH being
6.5, a level reached even in the presence of E5. The
inhibition of acidification is probably not dependent on
the EGFR, although this has not been tested. Instead it
is likely that the acidification of any endosome will be
effected by the presence of HPV-16 E5. The direct
testing of the binding of E5 to the 16 kDa subunit has not
been shown in human keratinocytes due to the low
levels of E5 protein and its very hydrophobic nature.
However, coexpression of both E5 and the bovine
vacuolar ATPase subunit in COS-1 cells has shown a
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complex containing both E5 and the 16 kDa protein
(Conrad et al. 1993). It is assumed, although not proven,
that this is a direct interaction and that there is not a third
protein involved. Recent work on E5 has shown that
while binding to the 16 kDa subunit is essential for
biological activity, it is not sufficient, and other properties
of E5 are required for the inhibition of v-ATPase function
(Adam et al. 2000).

There are down-stream effects of E5 expression in
rodent cells. For instance, there is an increase in c-Fos
and c-Jun expression in cells especially in the presence
of EGF (Leechanachi 1992; Bouvard et al. 1994). The
upstream regulatory region (URR) of most HPV types
contain an AP-1 binding site and in the presence of E5
there is an increase in transcription from this promoter in
E5-containing NIH 3T3 cells (Bouvard et al. 1994). This
is a potentially important observation because one of the
earliest mRNAs produced by HPV-16 DNA in infected
tissues potentially codes for E5, so this protein may
be important for the production of early messages
coding for E6 and E7. There is also an increase in the
MAP kinase kinase and MAP kinase activity (Gu &
Matlashewski 1995) in cells stimulated by EGF and this
increase is enhanced and prolonged in the presence of
E5. Therefore it appears that the various pathways
activated by the interaction of EGF with the EGF
receptor are enhanced and prolonged in the presence
of HPV-16 ES5. It is, however, not clear at the moment
whether all of this can be accounted for by the inhibition
of acidification of the endosomal contents leading to
prolonged signalling by the EGF/EGFR complex, or
whether E5 can act on the pathways independent of the
effects on endosomal pH.

Since EGF is a growth requirement for human
keratinocytes and is necessary through part of the G1
phase of the cell cycle, the activity of E5 suggests that it
acts to stimulate cells through this phase of the cell cycle
and into S-phase.

Transformation and immortalization properties of E5

As mentioned above, HPV-16 E5 can transform immor-
talized rodent fibroblasts, and the frequency of transfor-
mation is increased in the presence of EGF, but not
PDGF. The transformation assays have all been carried
out using soft agar to measure growth in suspension.
HPV-16 E5 is unable to form transformed foci on cell
monolayers and therefore is considered to have only
moderate transforming activity, unlike the BPV-1 E5
gene, which can form transformed foci on rodent
monolayer cultures. It should be remembered that the
E5 protein of BPV-1 is the major transforming protein
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unlike the situation with HPVs, where E7 has the major
transforming role.

HPV-16 E5 is unable to immortalize primary human
keratinocytes (Straight et al. 1993; Straight et al. 1995),
however there are reports of extended life span of cells
expressing E5 from an exogenous promoter (Straight
et al. 1995). In addition, the full length HPV-16 genome
with a premature stop codon in the E5 gene is only able
to immortalize keratinocytes at 10% of the frequency of
the wild type genome, suggesting that E5 plays a
complementary role in the immortalization process
(Stoppler et al. 1996). Therefore, in the life cycle of the
virus E5 plays an important role along with E6 and E7
proteins.

E1 and E2 proteins

Both E1 and E12 have been shown to be essential for
the replication of the origin of various HPV types (Ustav
& Stenlund 1991). As well as binding to specific
sequences at the origin of replication, both E1 and E2
proteins bind each other. E2 binds to palindromic
sequence ACCNgGGT (Spalholz et al. 1987) of which
there are three sets surrounding the origin. The E1
binding site is AT rich region with more variability than
the E2 binding site and lies between E2 sites (Frattini &
Laimins 1994a; Sun et al. 1996). As mentioned above,
both proteins are required for episomal replication of the
genome in human keratinocytes and when either open
reading is disrupted the genome integrates into the host
chromosome.

E2 binds DNA as a dimer through a domain in the c-
terminal part of the protein. E1 probably binds as a
hexamer and the binding domain is in the c-terminal half
of the protein (Sedman & Stenlund 1998). E1 binds
weakly to DNA, but the affinity is increased in the
presence of E2. The episomal replication of HPV-31 in
keratinocytes has been shown to be controlled by the
levels of E1 and E2 and increasing the expression of
either increases the copy number of the HPV-31
genome per cell (Frattini & Laimins 1994b). Therefore
copy number can be controlled by E1 and E2, but the
transcriptional control of these proteins has not been
elucidated. One of the difficulties of this type of experiment
is that the control of E1 and E2 transcription is probably
dictated by the differentiation state of the cell.

Why do some HPV types cause cancer?

Both benign and malignant viruses have to stimulate G1
progression and S-phase entry for successful replication
of their genomes. They probably achieve this through

overlapping, but not identical pathways. The pathways
disrupted by the oncogenic viruses must lead to a
greater potential for chromosomal accidents, which can
lead to malignant conversion, whereas pathways modu-
lated by the nononcogenic types result in the virus
achieving its objective with minimal disruption to the
epithelial cell. Examples of the differences in biological
properties of HPV proteins from oncogenic and non-
oncogenic viruses are the interaction of the E7 proteins
with the Rb proteins, where the affinity of binding of the
oncogenic E7 is greater than the nononcogenic protein,
or the fact that the E6 protein from oncogenic viruses
can bind and degrade p53 more efficiently than the E6
protein from benign viruses. Therefore, a better under-
standing of the functions of each of the HPV proteins will
help determine the reasons why infection with the
different viruses has quite distinct consequences for
the host. In addition, the knowledge gained on the
functions of the HPV proteins will elucidate many of the
cellular pathways that are essential for keratinocyte
differentiation and cell cycle progression.
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